1 Methods for probing mechanical responses of mammalian cells 2 to electrical excitations can improve our understanding of cellu-3 lar physiology and function [1][2][3] . The electrical response of neur-4 onal cells to applied voltages has been studied in detail 4 , but 5 less is known about their mechanical response to electrical 6 excitations. Studies using atomic force microscopes (AFMs) 7 have shown that mammalian cells exhibit voltage-induced 8 mechanical deflections at nanometre scales 5,6 , but AFM 9 measurements can be invasive and difficult to multiplex. Here 10 we show that mechanical deformations of neuronal cells in 11 response to electrical excitations can be measured using piezo-12 electric PbZr x Ti 1-x O 3 (PZT) nanoribbons, and we find that cells 13 deflect by 1 nm when 120 mV is applied to the cell membrane. 14 The measured cellular forces agree with a theoretical model in 15 which depolarization caused by an applied voltage induces a 16 change in membrane tension, which results in the cell altering 17 its radius so that the pressure remains constant across the 18 membrane 5,7 . We also transfer arrays of PZT nanoribbons 19 onto a silicone elastomer and measure mechanical defor-20 mations on a cow lung that mimic respiration. The PZT nanorib-21 bons offer a minimally-invasive and scalable platform for 22 electromechanical biosensing.
Mechanical interactions are fundamental to cellular biology and 24 physiology. For example, structural remodelling of neuronal cells 25 and synapse formation depend on mechanical processes such as 26 axonal and dendritic elongation 8 . Mechanical tension in the cell 27 membrane plays a key role in axonal development, and mechanical 28 stimulation can profoundly impact nerve regeneration 9 . Notably, 29 numerous studies have shown that there is a measurable volume 30 change that accompanies membrane depolarization or action poten-31 tials [10] [11] [12] . In particular, swelling on the order of several nanometres 32 has been measured in mammalian neurohypophysis 6 and HEK293 33 cells 5 using atomic force microscopy (AFM). This voltage-induced 34 membrane deformation is a universal property 5,13 resulting from 35 changes in membrane tension that can be explained by thermodyn-36 amics and basic mechanics. 37 Mechanical equilibrium in membranes demands that the cellular 38 radius depends on membrane tension 7 . Membrane tension can be 39 dictated by an applied electrostatic potential via the thermodynamic 40 Lippman relation 5 . As a result, applying an inhomogeneous electric 41 field across a bilayer membrane induces changes in curvature, an 42 effect resembling converse flexoelectricity [14] [15] [16] . Charges on opposing 43 sides of a membrane repel each other laterally, creating a local 44 pressure and changing the net surface tension. Therefore, a modu-45 lation in membrane voltage will alter the membrane tension and 46 induce a change in the cellular volume. The magnitude of this 47 effect depends on cellular mechanical properties such as rigidity 48 and elasticity 5, 17 . 49 To date, a number of techniques have been developed to interro-50 gate cellular rigidity and cellular mechanical interactions, such as 51 optical tweezers 16, 18, 19 stimulation. Figure 1c shows a cultured PC12 cell that developed mor-86 phologically normal neurites directly on the PZT array (see Methods).
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A key concern is whether PZT nanoribbons can support healthy 88 cellular growth. We rigorously tested the biocompatibility of the 
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Molecular probes including 3 calcein AM and an ethidium homodimer were used to identify 4 healthy cells (green fluorescence) and damaged cells (red fluor-5 escence; see Methods), and it was found that the majority of cells 6 grown on the PZT nanoribbons were healthy ( Fig. 2b ; for additional 7 images see Supplementary Fig. S2 ). Indeed, more than 95% of cells 8 were viable after 3 days of culture, and 85% after 7 days. As shown in 9 Fig. 2c , no difference is observed between the viability of cells grown 10 on PZT nanoribbons and those grown in standard culture dishes in 11 the same culture medium. In both cases, the number of healthy cells 12 decreased after 7 days as cells began to detach from the chip and 13 dish surfaces. These results were similar when culturing PC12 on 14 PZT thin films. 15 Finally, we tested the electrophysiological response of cells cul-16 tured on PZT nanoribbons using standard current-clamp tech-17 niques. As shown in Fig. 2d and Supplementary Fig. S3 , the 18 response to injected current is typical for PC12 cells.
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The injecting 19 current stimulates the membrane voltage to reach a threshold value, 20 thereby triggering a stimulus-evoked action potential (SEAP) in the 21 PC12 cells 19, 30 . The results are similar for PC12 cells in standard 22 culture medium. The SEAPs are well developed and have relatively 23 large amplitudes, rapid rise rates and brief durations. This suggests 24 that the PC12 cells have expressed voltage-gated ion channels, and 25 thus exhibit typical electrophysiological behaviour when cultured 26 on PZT nanoribbons. As will be demonstrated below, a key point 27 is that, although these results clearly demonstrate the biocompatibil-28 ity of the PZT nanoribbons, action potentials are not required for 29 electromechanical responses in cells. These responses are induced 30 via charge redistribution within the cell.
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To extract quantitative information about neuronal deflections, 32 the PZT nanobeam response must be fully characterized. Figure 3a  33 presents an experiment in which an AFM was used to apply 1 minute loads (pN-nN) to the nanoribbons to measure the electrical 2 output (see Methods). In scanning mode, the AFM tip intermittently 3 touches the nanobeams at the centre, inducing a piezoelectric signal 4 from the bending of the PZT nanoribbons (Fig. 3b) . Subsequently, 5 the force applied by the AFM tip to the PZT nanobeams can be cal-6 culated. The force value is identical to the adhesive force derived from 7 a typical force curve of the tip on a PZT nanobeam (Supplementary 8 Fig. S4 ). As expected, the PZT nanoribbons produce voltage 9 signals that are directly proportional to the magnitude of applied 10 forces from AFM tips with varying spring constants (Fig. 3c) (Fig. 4a, inset) . A control experiment was performed to 22 verify that there was no crosstalk signal from the conducting electro-23 des or mechanical fluctuations of the glass pipette during the exper-24 iment ( Supplementary Fig. S5 ). Significantly, as shown in Fig. 4a Critically, by using the AFM calibration of PZT nanoribbon sen-33 sitivities, we can quantitatively relate the change of membrane voltage 34 to the force generated by the cell, as plotted in Fig. 4c 
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The key concept of 54 the model is that depolarization induces a change in the membrane 55 tension that in turn alters the cellular radius so as to maintain a con-56 stant pressure 7 across the membrane. The system was simplified by 57 assuming that the cell is axisymmetric and sits at the centre of the 58 PZT nanoribbon beam during its excitation. Because the resting 59 diameter of the cell is 2R 0 ≈ 20 mm, but the deflection of the PZT 60 is several nanometres, the deflection of the PZT can be considered 61 negligible in comparison to the deformation of the cell. Therefore, 62 the cells are simply considered to be confined between two flat sur-63 faces representing the patch-clamp pipette on top and the PZT 64 beam below (Fig. 4d) . Details of the model are described in the 65 Supplementary Methods (results for pancake-shaped cells and 66 cells that are not at the centre of the nanoribbon are also presented 67 there). In brief, the membrane tension t can be written as . Applying 5 the Young-Laplace law, the cellular force applied on the PZT nano-6 beam can be written in terms of the cellular radius R as
7 where
8 and
From equations (1) and (2), we can derive and describe a relation- 1 with the multicellular tissue of an extracted cow lung to mimic the 2 respiration process. PZT nanoribbons were transferred onto the 3 elastomer polydimethylsiloxane (PDMS) using our previously 4 reported method 27,33 ( Fig. 5a ), contacted with interdigitated gold 5 electrodes (Fig. 5b) , and poled in the plane of the ribbons to com-6 plete the device, as shown in Fig. 5c (see Methods). The soft, bio-7 compatible device was subsequently biotransferred onto a cow 8 lung to form a direct biointerface between the PZT nanoribbons 9 and the tissue (Fig. 5d) . A bicycle pump attached to the lung was 10 then used to simulate mechanical respiration, resulting in periodic 11 strains/deformations in the PZT nanoribbons (Fig. 5e ,f and 12 Supplementary Movie S1). This cycled mechanical stimulation led 13 to voltage signals on the order of 0.5 V (Fig. 5g ) and currents of 14 several nanoampères (Fig. 5h) tissue for sensing deformations during a mimicked respiration process. e, PZT/PDMS chip at rest on the cow lung. f, PZT/PDMS chip in a strained state during the mimicked respiration process. Scale bars, 1 cm (c-f). PZT voltage (g) and current (h) signals associated with deformation of the cow lung during the respiration process.
1 After lift-off, PZT was post-annealed at 650 8C for 30 min to form a perovskite 2 crystalline structure as previously reported 26, 27 . To pattern transparent ITO contact 3 electrodes, a second photolithography step was performed. ITO films (500 nm) were 4 deposited using a magnetron sputter at 100 W (radiofrequency) for 50 min and 5 patterned by lift-off. A passivating SiN x layer was then deposited by Q10 ) to remove residue on the structures. 11 Exposed MgO underneath the PZT was etched away in 85% phosphoric acid at 12 120 8C for 3 min to undercut the PZT nanobeams. To form a connection with the 13 external electrodes, ITO contact pads at two ends of the chip were opened by dry 14 etching the SiN x . These contact pads were protected from saline solution during 15 experiments by a layer of silicone (Kwik-Cast Sealant, World Precision Instruments). 16 After fabrication, the PZT ribbons were poled by a d.c. voltage of 300 V for 12 h. 17 PC12 cell culturing on PZT. The rat PC12 cell line 29 was differentiated to 18 sympathetic-type neuronal cultures with nerve growth factor (NGF) in 19 differentiation medium composed of RPMI 1640 medium (Invitrogen) 20 supplemented with 1% horse serum (Invitrogen), and 1% penicillin/streptomycin 21 (Sigma-Aldrich). PC12 cells were exposed to 100 ng ml 21 NGF for 10 days before 22 freezing and storage in a primed differentiated state 29 . After fabrication, PZT chips 23 were dipped in 70% ethanol and sterilized in an autoclave for 30 min. Chips were 24 placed in a culture dish before applying silicone to cover the exposed conducting 25 pads. To allow the silicone to dry completely, the culture dishes were kept in a 26 culture hood for 6 h under ultraviolet light. To promote cell adhesion, chips were 27 coated with (10%) poly-L-lysine (Invitrogen) followed by 10 mg ml 21 of natural 28 mouse laminin (Invitrogen) diluted in Hanks Balanced Salt Solution (HBSS, 29 Biophysics). The chips were then kept in an incubator at 37 8C overnight and washed 30 twice with 1× HBSS the following day. Primed PC12 cells were thawed rapidly and 31 seeded on the coated chips in differentiation media containing 100 ng ml 21 NGF. 32 Cells were incubated in a humidified, CO 2 -regulated, 37 8C tissue culture incubator 33 for 3-5 days before experimentation. This time period was sufficient to allow for the 34 regeneration of PC12 neurites from a primed culture. For scanning electron 35 microscopy (SEM)
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imaging, cells were thoroughly washed in deionized water to 36 remove serum in the growth medium and then dipped in 4% formaldehyde for 37 15 min. After the fixation process, cells were thoroughly washed again with 38 deionized water before staining with 0.1% OsO 4 . Critical-point drying in CO 2 was 39 performed before SEM imaging.
40 Cell viability tests. PC12 cells were imaged using a phase-contrast optical 41 microscope with water immersion objectives. Viability tests were performed on 42 PC12 cells using test kits from Invitrogen (LIVE/DEAD Viability/Cytotoxicity 43 Kit-L-3224). A two-colour assay of the kit indicated plasma membrane integrity and 44 esterase activity. For staining, the cultured cells were washed with pure RPMI 1640 45 twice to remove serum medium, soaked in the solution of dyes (2 mM calcein AM Q12 46 and 4 mM ethidium) for 30-40 min, and finally washed with 1× HBSS. 47 A fluorescent confocal microscope (Leica SP5 confocal) was used to image the 48 stained cells. Cells in 15 random fields were imaged and the number of cells 49 displaying green (viable) and red (dead) fluorescence was quantified at 3 and 7 days 50 in culture.
51 AFM to quantify PZT sensitivity. An AFM Dimension Nanoman (Veeco 52 Instruments) was used to perform force measurements on suspended PZT 53 nanoribbons. Non-conducting AFM tips (undoped silicon, Veeco) with known 54 spring constants (measured via thermal tune) were used to scan and apply different 55 forces on the PZT nanobeams. Forces were calculated based on the force curves in 56 ramping mode. To achieve minute load
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, the deflection set point was set to zero after 57 engagement. Piezoelectric signals were measured with a nanovoltmeter (Keithley 58 2182A). The linear fitting and analysis of the dependence of the piezoelectric signal 59 on the applied force was performed by IGOR Pro 6 software (Wavemetrics).
60 Electrical characterization. Electrophysiological information regarding the cultured 61 PC12 cells was obtained using a whole-cell patch-clamp technique. Recordings were 62 taken from cells cultured on a PZT surface, PZT nanoribbons and a normal culture 63 dish. Glass pipettes with a tip diameter of 1.0 mm were pulled by a pipette puller 64 (P-2000, Sutter Instruments) and fire-polished before measurements. Only PC12 65 cells that displayed neurites with a resting potential of -30 to -50 mV were used for 66 the experiments. To break into whole-cell mode following gigaohm seal formation, 67 a constant negative pressure was applied and the d.c. voltage was ramped to 68 -500 mV until capacitance transients were seen. Before measurement, the cells were 69 washed three times and then bathed in extracellular recording solution containing 70 110 mM NaCl, 22 mM NaHCO 3 , 2.5 mM KCl, 1.6 mM MgCl 2 , 1 mM CaCl 2 and 71 10 mM D-glucose, and the pH was adjusted to 7.3 with NaHCO 3 . The composition 72 of the intracellular saline solution was 140 mM KCl, 5 mM EGTA, 10 mM HEPES, 73 1 mM MgCl 2 , 1 mM CaCl 2 , pH 7.3 with NMG-OH
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. Electrophysiology data were 74 recorded with a two-channel MultiClamp 700B (Axon Instruments) system. Two 75 copper wires from the PZT chip were connected to the second channel of the 76 MultiClamp amplifier to synchronize with the membrane voltage signal from the
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PZT nanoribbons biointerfaced with cow lung tissue. PZT nanoribbons were 80 transferred to PDMS (1 mm) as described in our previous reports 27, 33 . 
Supplementary Methods
In our experiments the cells are patch clamped to induce depolarization and they rest on PZT nanobeams so that a change in radius of the cell causes a deflection of the beam, which in turn can be easily detected because the piezoelectric properties of PZT lead to the generation of a voltage upon bending. Our goal is to analyze these experiements so as to be able to predict the change in shape of the cells in response to membrane depolarization.
Model for voltage dependent membrane tension
The surface tension σ in a single leaflet of lipid bilayer membrane is controlled by the Lippmann equation which dictates that
where σ 0 is the voltage independent tension, C D is the specific capacitance of the electric double layer (or cloud of ions) next to the leaflet, and V s is the surface potential at the leaflet [S1] . This surface potential and the distribution of ions in the electric double layer is governed by the Poisson-Boltzmann equation [S2] . From the solution to the fully non-linear Poisson-Boltzmann equation near a surface with charge density q it can be shown that
where c is the ionic strength of the solution far away from the surface, w is the relative perimittivity of water, 0 is the permittivity of vaccuum and k B T is the thermal energy scale and we have assumed that both positive and negative ions of valence 1 are present in the solution. This equation and (1) can then be applied to both the interior and exterior leaflets of the membrane and the surface tension in both can be added to give the surface tension τ in the cell-membrane. The result is:
where C m is the capacitance of the lipid bilayer (assumed much larger than C D on both the interior and exterior), V is the applied potential through the patch clamp and τ I is a voltage independent tension. q int and q ext are the charge densities on the interior and exterior leaflets of the cell membrane and have to be treated as fitting parameters along with C m and τ I . But, appropriate values for these parameters are available from earlier work [S1] .
Using the Young-Laplace law
In this section we will assume for simplicity that the cell remains spherical and demonstrate how a change in voltage through the patch-clamp results in a force exerted by the cell on Here we assume for simplicity that the cell remains spherical. The more realistic case is treated later.
the substrate. Once the surface tension τ in the cell membrane is known in terms of the applied voltage V we can apply the Young-Laplace law to calculate how its shape changes. This law states that the pressure difference p between the interior and exterior of the cell is related to the surface tension and local mean curvature on the cell membrane through
where R m is the meridional (principal) curvature and R p is the principal curvature along lines perpendicular to the meridians. We have, of course, assumed here that the cell membrane has an axisymmetric shape, which is good for the geometry of our experiments. Note that p remains constant even though the cell shape changes since the concentrations c int and c ext of ions are realistically assumed not to change when the cell is electrically and mechanically manipulated since they are controlled by regulation of ion channels by the cell. The Young-Laplace law (which is a statement of local mechanical equilibrium) and the boundary conditions imposed by the pipette and the PZT beam are sufficient to calculate the shape of the cell for some applied voltage V . The final expressions for the shape of the cell are in terms of elliptic functions as shown by Lin and Freund [S3] in a different context. In order to illustrate how the general framework given above can be applied we will illustrate it by assuming that the cell remains spherical even after the tension in the cell membrane changes (see figure 1) . Let us assume that at the resting state of a cell when V = 0 the membrane tension is τ 0 , the radius of the cell is R 0 and the pressure difference is p. Then the Young-Laplace law gives 2τ 0 R 0 = p. When V = 0 the cell's radius changes to R and the tension τ is given by eqn.(3). The PZT beam deflects by an amount δ = 2(R − R 0 ) at the center. This provides a reaction F = kδ where k is a spring constant. For instance, k =
192EI
L 3
for a clamped-clamped beam and k = 48EI L 3 for a hinged-hinged beam, where E is the Young's modulus of PZT, I is the moment of inertia of the cross-section of the PZT beam, and L is its length. Realistically, k should be determined from experiment since we expect manufacturing defects in the PZT beam that would result in
Mechanical equilibrium at the equator of the spherical cell demands that
This equation can be solved immediately to give
This formula provides a good estimate of the actual radius of the cell in the limit when k is small. Clearly, when k = 0, meaning the PZT beam is absent, the Young-Laplace result is recovered. The force F exerted by the cell on the PZT beam due to the change in voltage V can be computed using F = 2k(R − R 0 ). When k is large we have to resort to a more general method explained in the following. When the PZT beam on which the cell rests is stiff then it does not deflect much in response to the depolarization. We approximate the PZT beam as being infinitely stiff and directly compute the reaction force imposed by the beam on the cell. Let this force be F . Then if we make a cut perpendicular to the axis of the cell where the radius is r(s) and the tangent angle to the contour of the axisymmetric shape is φ(s) (see figure 2) then equilibrium demands that 2πτ r(s) sin φ(s) = πr 2 (s)p − F.
Analysis of cells on stiff PZT beams
We want to know F and r(s) as a function of τ . When τ = τ 0 , F = 0 and the cell is a sphere of radius R 0 , so that by applying the above equation at the equator where φ = π 2 we see that
When τ > τ 0 the cell tends to bulge but we will assume that the distance 2R 0 between the pipette and the PZT beam changes by a negligible amount. This constraint is enforced by a force F = 0. In the experiments 2R 0 is about 20µm and it changes by only a few nanometers when the cells are depolarized. So, our assumption that the distance between the pipette and the PZT beam does not change is justified. When F = 0 the cell is squished and it makes contact with the PZT beam over a circular region of radius r 1 . The angle φ 1 at r = r 1 depends on the adhesion energy per unit area between the cell and the PZT beam. If the adhesion energy density is zero then the angle φ 1 is zero too. So, we have
which gives r . From geometry,
where sin φ(s) is given by (7) in terms of r(s) and F . We can therefore integrate the differential equation for r(s) and get
where s = 0 is taken to be at the equator of the cell. Let s = s 1 be such that r(s 1 ) = r 1 and φ(s 1 ) = φ 1 = 0. Using r 2 1 = F/πp and (11) above it is easy to see that
from which we get
Integrating the equation for z(s) we get
where r(s) is given by (11) above. We substitute for r(s) to get
We take s = s 1 and reduce this expression to
where
and θ is a dummy variable. Recognizing the incomplete elliptic integrals above we write
where E(x|k) is the incomplete elliptic integral of the second kind with modulus k and F (x|k) is the incomplete elliptic integral of the first kind with modulus k and θ 1 = ps 1 2τ
. The stiff PZT beams enforce the constraint that z(s 1 ) = R 0 . For small values of and m 2 ≈ 1. Under these circumstances the second term involving F (θ 1 |m) is much smaller than the first term involving E(θ 1 |m), so we neglect the second term. Furthermore, E(θ 1 |1) = sin θ 1 . We note that
So (18) becomes
Expanding upto linear order in y we are left with
which can be solved to get
This gives the force exerted by the beam on the cell. The final formula for the force exerted by the cell on the beam is (note the change in sign of F ):
and τ is given by (3). Clearly, F > 0 when R > R 0 .
Pancake shaped cell
Cells on many substrates become pancake shaped. This suggests that there is an adhesive interaction between the cell and the substrate that results in a decrease of free energy by amount Γ per unit contact area. To account for the adhesive interactions we have to make some non-trivial modifications to the theory given in the previous section. The shape of the cell is still described by the same equation for r(s) (eqn. (11)). But, the expression for s 1 becomes more complicated:
Here r 1 is the radius over which contact occurs between the cell and the substrate and it is no longer zero when F = 0 because of the adhesive interactions. The integral for z(s) remains the same but
appears in the limit of the integral where the expression for calculating s 1 is given above. The analysis to impose the constraint that the cell is confined between two fixed surfaces proceeds along the same lines as in the previous section. If the distance between the two confining surfaces is 2Z 0 (see figure 3 ) then the equation to solve for F takes the form
where we can use (25) for cos ps 1 τ . When τ = τ 0 , F = 0 and r 1 = r 0 the above equation yields
Note that if r 0 = 0 when τ = τ 0 and F = 0 then the cell is a sphere and
, as expected. This is the case when Γ = 0. When Γ = 0 we have to determine the magnitude of Γ from the known pancake shape of the cell when F = 0. This is a difficult exercise in general, but in a certain limit it is possible to write some simple relations [S3] . In particular, the radius r 1 over which contact between the cell and the substrate occurs in this limit is given by [S3] :
When F = 0 and τ = τ 0 this reduces to When it is brought in contact with a substrate at the top and bottom it becomes pancake shaped due to adhesive interactions. The geometry of the pancake is characterized by Z 0 and r 0 , both of which depend on R 0 and the adhesion energy density Γ. (c) The force exerted by the cell on the substrate when V = 0 is determined by enforcing the constraint that Z 0 remains fixed even though the contact radius r 1 changes.
. If we know τ 0 , R 0 , and r 0 then the parameter Γ can be estimated. Then Z 0 can be calculated from (27) and we can solve for F from (26). After carrying out these calculations we find that the equation for F is
We can solve this equation for F using Newton's method. Unfortunately, a simple solution like the one in the previous section is difficult to obtain. In figure 4 we have plotted the solution for F using R 0 = 10µm and r 0 = 0.85R 0 . It fits the data quite well and corresponds to Γ pR 0 ≈ 0.23 which is in the regime where (28) is valid.
Cell off-center on the PZT beam
The cell contacts the PZT beam over a circular patch of radius r 1 . Let us assume for simplicity that r 1 << L where L is the length of the beam. In that case we can assume that the cell is exerting a point force F on the beam. Let this point force F act at x = x 0 with 0 < x 0 < L (see figure 5(a) ). If the beam is clamped at both ends this leads to a deflection profile: ) is given by
We can now compute the ratio
as follows:
In our experiments the PZT beams are calibrated so that a measured voltage gives us the force exerted by the cell on the PZT beam assuming that the cell is at x = L 2
. If the cell is not at the center of the beam then the deflection of the beam will be smaller and the apparent force F app =
. This is related to the actual F exerted by the cell as follows:
E, I and L for the PZT beams are known but the deflections y(x) are too small to measure accurately. The voltages produced by the beam deflections, however, can be accurately measured and give us F app . Let us now consider the case when the load F is not a point load but is distributed over a length 2z along the beam and centered at x 0 . The load is uniformly distributed with intensity q, so that 2qz = F as shown in figure 5(b) . In this case the deflection profile is given by:
x − x 0 + z 4 + q 24EI
x − x 0 − z 4 .
Evaluating the deflection at the center point of the distributed load x 0 , we get
Note that as z → 0 with 2qz = F we recover (33). To get an idea of how the distributed load affects the deflection let us compute the ratio
,z) which we will call
for compactness. This is given by
= 16
This expression is plotted for z = 0 (corresponding to a point force) in figure 5(c) as the black curve. The range for
≤ 1.0 when z = 0. If the point of application of F is nearer to the ends than to the center then the deflection at x 0 is lesser than what it would be if F was acting at L 2 . If z = 0 (corresponding to a distributed load q over a region 2z) then the range for x 0 becomes z ≤ x 0 ≤ L − z but the curve does not change. So, the conclusion that the beam deflection is maximum when x 0 = L 2 does not change. But, the range over which the deflection at x 0 varies decreases as z increases. In figure 5 (c) the range for
is above the dashed horizontal line labeled z/L = 0.3 when z = 0.3L -0.6 ≤ y(x 0 ) y( L 2 ) ≤ 1.0. This means that the error in computing the force exerted by the cell by just looking at the deflection at the center of the beam decreases as z increases.
